This work was conducted to investigate the lipids inhibition and their degradation in dairy wastewater treatment. Two-phase system, composed of an acidogenic continuously stirred tank reactor (CSTR) and an upflow anaerobic sludge blanket (UASB) reactor was compared with a single phase system, conventional UASB reactor. The systems were operated up to organic loading rate of 8.09 g COD/L/d and lipid loading rate of 2.94 g COD/L/d. The twophase systems showed higher COD removal (1.19 times), lipids removal (1.92 times) and CH 4 production (1.42 times) than the single-phase system. Degradation of lipids and saturation of the double-bonded lipids in the CSTR led to the enhanced system performance. However, the CSTR performance decreased at the acidogenic HRT below 0.27 d owing to insufficient biomass retention. In serum bottle tests at different lipids concentration, high lipids concentration resulted in long lag-phase time for CH 4 production. However, 69.5% of TCOD was eventually converted to CH 4 within 50 days, even at the highest lipids concentration (6.1 g COD/L). It meant that the lipids inhibition was not bacteriocidal but reversible.
INTRODUCTION
Lipids are the major organic component in wastewaters from many industries including dairy product, edible oil refinery, slaughterhouse and wool scouring . By anaerobic bacteria, lipids can be degraded via hydrolysis and β-oxidation to acetate and hydrogen, which in turn are converted to methane. A large amount of CH 4 can be produced from lipids because they are highly reduced organics. Theoretically 1 g of glycerol trioleate (C 57 H 104 O 6 ), a common lipid in nature, is equivalent to 1.08 L of methane at standard temperature and pressure (STP), while 1 g of glucose (C 6 H 12 O 6 ) is equivalent to only 0.37 L. However, accumulated lipids in attached-growth anaerobic processes would cause the operational problems such as clogging, scum formation and wash out of active biomass due to their low solubility and adsorption onto the surface of sludge or media (Kim et al., 2004a) . Moreover, long-chain fatty acids (LCFAs), the hydrolysates of neutral fat, are inhibitory to many kinds of anaerobic bacteria including methanogens (Kim et al., 2004b) . It was reported that more double-bonded and longer LCFA was more toxic (Alosta et al., 2004) . Some researchers found saturation of double-bonds in acidogenesis, and then suggested the phase separation as an alternative for the treatment of lipids-containing wastewaters (Komatsu et al., 1991) . Kim et al. (2004a) operated a two-phase system composed of a continuously stirred tank reactor (CSTR) and an upflow anaerobic sludge blanket (UASB) reactor as well as a single phase system of a UASB reactor, which were fed with a synthetic wastewater containing major LCFAs and glucose. An enhanced treatment performance of the two-phase system and degradation (19-30%) and saturation (10-12%) of LCFAs in acidogenesis was found. The enhancement of lipids degradation and performance by phase separation in the treatment of real lipids-containing wastewaters, however, has not been proved yet.
The dairy industry generates strong wastewaters containing high organic content. Since the reagent costs are high and the soluble organics removal is poor in physico-chemical treatment processes, biological processes are preferred (Ince, 1998) . Aerobic treatments are commonly employed so far; however, high sludge production and energy requirement for aeration is a significant drawback. Dairy wastewaters are warm and strong, enabling them suitable for anaerobic treatments, which do not need aeration or produce excess sludge. Effective treatment results of dairy wastewater using attached-growth anaerobic processes such as blanket (UASB) reactor have been reported in the literature (Demirel et al., 2005) . However, several operational problems such as sludge flotation and activity decrease were sometimes found (Vidal et al., 2000) . The main organics in dairy wastewaters are lactose, casein and lipids. Many researches presumed that lipids are the most problematic component in the treatment of dairy wastewater. However, data concerning lipids in the treatment of dairy wastewater are scarce (Demirel et al., 2005) . This work, therefore, was focused on the lipids inhibition and their degradation in dairy wastewater treatment. A UASB reactor integrated with an acidogenic reactor was operated and compared with a conventional UASB reactor. Serum bottle tests were also performed to examine effects of lipids on on dairy wastewater treatment.
METHODOLOGY

Reactor configuration and sludge inoculation
Two-phase system was composed of a CSTR with a working volume of 5.1 L (225 mm high, 170 mm id) and a UASB reactor with a working volume of 10.2 L (lower part: 573 mm high, 130 mm id; upper part: 100 mm high, 190 mm id). Single-phase system consisted of only one UASB reactor with a working volume of 5.3 L (lower part: 450 mm high, 100 mm id; upper part: 80 mm high, 150 mm id). The reactors were installed in a 35±1°C constant temperature room and connected to gas collection cylinders which were placed in acidified-saturated salt solution. The CSTR was seeded with the active digester sludge from a sewage treatment plant (Daejeon, Korea). The pH, alkalinity, and volatile suspended solids (VSS) concentration of the sludge were 7.6, 2.83 g CaCO 3 /L, and 5.5 g/L, respectively. The UASB reactors were inoculated with granular sludge from a full-scale UASB plant (Cheongwon, Korea) treating brewery wastewater. The pH and VSS concentration of the sludge were 7.5 and 29.5 g/L, respectively. Initial VSS concentrations in CSTR and each UASB reactor were 1.0 g/L and 8.1 g/L, respectively.
Dairy wastewater
The wastewater from a milk and ice cream factory was used as feed. As shown in Table 1 , lipids content was in the range of 29.8-40.6% on chemical oxygen demand (COD) basis. Double bond equivalent per total lipids was in the range of 0.91-1.09 meq/g lipids-COD. It was slightly lower than that of glycerol trioleate (1.18), which is composed of three monounsaturated C18 LCFAs. NaHCO 3 (3 g/L) was added to maintain pH as 6.5-7.5. 
Continuous operation
During 148 days of operation, the overall HRT decreased gradually from 6 d to 0.65 d, while organic loading rate and lipids loading rates increased up to 8.09 g COD/L/d and 2.94 g lipids-COD/L/d, respectively, as summarized in Table 2 . The time interval for each period was longer than 20 days. Because the feed composition fluctuated within each period, the concentrations and loading rates in Table 2 are the average values in the period. 
Table 2 -Experimental conditions according to the operation period
Period
Days of operation
System HRT (d) Total COD (mg COD/L) Total lipids (mg COD/L) Organic loading (g COD/L/d) Lipids loading (g COD/L/d) 1
Serum bottle tests
Granular sludge, basal medium, concentrated dairy wastewater and oleate were added in 160 mL serum bottles. The granular sludge was taken from the UASB reactor in the two-phase system at Period 5. The sludge was elutriated three times with a phosphate solution (1.08 g KH 2 PO 4 /L) to remove floated matter and fine particulates. VSS concentration of the elutriated sludge was 29.0 g/L. The basal medium contained NaHCO 3 (50.0 g/L), KH 2 PO 4
. The sludge of 10 mL and the basal medium of 10 mL were added to each bottle. The dairy wastewater was settled in a laboratory refrigerator during 2 days, and then the supernatant (a half of total volume) was removed using siphon. Total COD (TCOD) and lipids concentration of the concentrated wastewater were 7.5 g COD/L and 2.8 g COD/L, respectively. Oleate, the abundant LCFA in most wastewaters, was added to simulate increased lipids composition in a treatment system . Appropriate amounts of the dairy wastewater and oleate were added to individual bottles to control TCOD (2.0-9.9 g COD/L) and lipids/TCOD ratio (0.37, 0.50, and 0.62) as shown in Table 3 . Each bottle was then filled to 100 mL with distilled water and pH was adjusted to 7.0 using either 1 M HCl or 1 M KOH. Subsequently, the headspaces of the bottles were flushed with N 2 gas for 1 min and the bottles were tightly sealed using open-top screw caps with rubber septa. The bottles were then placed in a reciprocating shaker at 35 o C and 100 rpm. The biogas production was determined using a glass syringe of 60 mL. At the same time, gas composition was measured. Vidal et al. (2000) reported that CH 4 production curve showed two exponential increases in batch tests using dairy wastewater. They assumed diauxic shift from easily biodegradable substrate to lipids degradation. Pereira et al. (2004) also found that, when acetate was added to the LCFA-loaded sludge, the initial CH 4 production was due mainly to the consumption of the added acetate. On the other hand, Alves et al. (2001) reported that easily biodegradable substrate (acetate) and lipids (oleate) might be degraded simultaneously after long plateau at high lipids concentration. Based on the reports, a modified Gompertz equation (1) 
where M was cumulative CH 4 production (mL), t was incubation time (days), P 1 was primary ultimate CH 4 production (mL), R 1 was primary CH 4 production rate (mL/d), λ 1 was lag-phase time for primary methane production (days), P 2 was secondary ultimate CH 4 production (mL), R 2 was secondary CH 4 production rate (mL/d), λ 2 was lag-phase time for secondary CH 4 production (days), and e was exponential 1. The cumulative CH 4 production was fitted using the 'Fit curve' function with a Newtonian algorithm in Sigmaplot 2001. In order to minimize the sum of the square errors (SSE) between the experiment and the estimation 100 iterations were made.
Analytical methods
Biogas production was corrected to standard temperature (0°C) and pressure (760 mmHg). The contents of CH 4 , N 2 , and CO 2 were measured using a gas chromatography (GC, Gow Mac series 580) with a 1.8 m × 3.2 mm stainless-steel column packed with porapak Q (80/100 mesh) using helium as a carrier gas. The temperatures of injector, detector, and column were kept at 80, 90, and 50°C, respectively. VFA (C2-C6), and lactate were analyzed by a high performance liquid chromatograph (HPLC, Spectrasystem P2000) with an ultraviolet (210 nm) detector and an 300 mm × 7.8 mm Aminex HPX-97H column using H 2 SO 4 of 0.005 M as mobile phase. The liquid samples were pretreated with 0.45 μm membrane filter before injection to the HPLC. Chemical oxygen demands (COD), Suspended solids (SS), VSS, TKN, ammonia, and pH were determined according to Standard Methods (APHA/AWWA/WEF, 1998). To determine total lipids, the sample was extracted with n-hexane. COD of the extracted organics was measured after evaporating the solvent. Double-bond equivalent of lipids was measured using iodine values (Hilp, 2002) .
RESULTS AND DISCUSSION
Comparison of the two-and single-phase systems Figure 1 and Table 4 show that the two-phase systems showed enhanced COD removal, lipids removal and CH 4 production compared to the single-phase system after Period 4 (System HRT 1.30 d and 2.51 g COD/L/d of organic loading rate). As organic loading rate increased, the differences became manifest. At period 7 (System HRT 0.65 d and 8.09 g COD/L/d of organic loading rate), COD removal efficiency, lipids removal efficiency, and CH 4 production in the two-phase system were 1.19 times, 1.92 times, and 1.42 times, respectively, higher than in single-phase system. The COD removal efficiency at Period 7 in the two-phase system was 82.4±1.6%, which was comparable to the reported maximum treatment efficiency in anaerobic treatment of dairy wastewater (Demirel et al., 2005) . In all the conditions, the lipids content in the effluent was in the range of 45-80%, which was higher than those in the influent. Also, the lipids removal efficiency at high loading rate decreased more than that of COD removal efficiencies. The lipids removal efficiency in the single-phase system was reduced to 33.2±4.8% at period 7. The efficiency in the two-phase system also decrease to 63.8±4.5%, but the deterioration was much less than in the single-phase system. 
T w o -p h a s e s y s te m S in g le -p h a s e s y s te m T im e (d a y s )
T w o -p h a s e s y s te m S in g le -p h a s e s y s te m P h a s e 1 P h a s e 2 P h a s e 3 P h a s e 4 P h a s e 5 P h a s e 6 P h a s e 7
Lipids removal efficiency (%) The CH 4 conversion efficiency, the COD equivalent of the CH 4 production depending on the added COD, showed similar tendency with COD and lipids removal efficiencies. Besides, CH 4 production increased linearly with the removed COD in both systems as shown in Figure 2 . In the two-phase system, 74% of the removed COD was converted to CH 4 , while only 60% was converted to CH 4 in the single-phase system. Assuming the sludge growth yield would be similar in both systems; about 14% of the removed COD in the single-phase system was not really "removed", but un-metabolized and accumulated in the reactor . Because lipids have lower degradation rate and solubility than proteins and carbohydrates, most of the accumulated organics is regarded as lipids. In this experiment, the lipids accumulation did not result in serious operational problems. However, severe lipids accumulation in long-term operation would cause clogging, biomass washout and the inhibition of increased lipids concentration resulting in the system failure (Rinzema et al., 1993; Hwu et al., 1998) . Higher CH 4 production at the same amount of removed COD in the two-phase system, therefore, implied that the phase separation enhanced the system stability as well as the treatment performance in dairy wastewater treatment.
Role and its limitation of the acidogenic CSTR
Enhanced performance and stability in the two-phase system resulted from the spatiallyseparated aciodogenesis. Table 5 summarizes lipids removal efficiency, saturation of lipids, acidification efficiency, pH and VSS in the acidogenic CSTR. Since longer and more doublebonded LCFA is more toxic to bacteria, partial degradation (β-oxidation) of the carbon chain and saturation of the double-bond would lead to the reduction of lipids loading and inhibition in the subsequent UASB reactor (Kim et al., 2004a) . In this experiment, the decrease of lipids concentration represented the partial degradation. The maximum lipids removal efficiency, 23.9±2.5%, was found at Period 4, while the maximum double-bond saturation, 25.2±2.9%, was found at Period 2. The maximum values were comparable to the reported values for synthetic wastewater (Komatsu et al., 1991; Kim et al., 2004a) . At Period 6 and 7, both parameters decreased considerably. The acidification efficiency also decreased below 35% at Period 6 and 7. At Period 7, the lipids removal efficiency and the double-bond saturation, and the acidification efficiency were 9.1±1.4%, 11.8±1.3%, and 20.3±1.5%, respectively, which would be related to the mild deterioration in the two-phase system at the condition. Average values of pH were maintained in the range of 6.3-6.6. A pH range of 4.0-6.5 has been reported as optimal for acidogenesis in a general two-phase system (Fox and Pohland, 1994) . But, Komatsu et al. (1991) reported that a low pH (6.0) hindered acidogenesis because the acidic pH changed LCFAs to an insoluble non-ionized form. It seemed that the pH values did not cause significant adverse effects on reactor performance in the whole Periods, although optimum pH for acidogenesis of lipids-containing wastewaters is still controversial. On the other hand, the VSS concentrations abruptly decreased at HRT below 0.27 d (Period 6 and 7). In Period 7 (acidogenic HRT 0.22 d), the VSS concentration was 440±38 mg/L. It meant that the HRT was too close to the minimum mean cell-residence time, which would lead to the deterioration of the acidogenic reactor. CSTR might be ineffective for retention of active lipids degrading bacteria at hydraulic retention time (HRT) lower than 0.33 d. At the low HRT, another reactor configuration to maintain high mean cell-residence time would be more appropriate.
Effect of high lipids concentration on dairy wastewater treatment
Besides the continuous operation, serum bottle tests were performed to examine the effect of lipids on dairy wastewater treatment. Fluctuation in dairy wastewater characteristics or accumulation of lipids in reactors would result in higher lipids concentrations than those in normal dairy wastewater. Therefore, various lipids concentration (0.7-6.1 g COD/L) and lipids/TOCD ratio (0.37, 0.50, and 0.62) were examined in this experiment.
In all serum bottles, CH4 production curves were well described by equation (1) as shown in Figure 3 and Table 6 . However, in Bottle 1 and 2, the parameters for secondary CH4 production were indeterminate because CH4 production curve showed only one exponential increase. In other bottles, at lipids concentration over 1.5 g COD/L, two exponential increases were found in CH4 production. The COD equivalent of the ultimate CH 4 production depending on the added COD Figure 4 illustrates that as lipids concentration increased, the lag-phase time for the secondary CH 4 production (λ 2 ) increased. The long lag-time would result from transport (diffusion) limitations imposed by the lipids layer surrounding the bacterial cells (Pereira et al., 2004) . Decrease of the primary ultimate CH 4 production (P 1 ) and the primary CH 4 production rate (R 1 ) at the high lipids concentration were also related with the substrate transport limitations phenomena. Granular sludge encapsulated with un-metabolized lipids and other organic matters is liable to float, and subsequently be wash-out (Rinzema et al., 1993; Hwu et al., 1998; Kim et al. 2004a) . However, 69.5% of TCOD was eventually converted to CH 4 within 50 days, even at the highest lipids concentration (6.1 g COD/L). The secondary CH 4 production rate (R 2 ) was also not decreased severely. It implied that the inhibitory effect of lipids was not bacteriocidal but reversible (Pereira et al., 2004) . 
CONCLUSIONS
In dairy wastewater treatment, a UASB reactor performance and stability could be enhanced by integrated with an acidogenic reactor. Lipids degradation and saturation of double-bonded lipids in the acidogenic reactor led to the reduction of lipids loading and inhibition in the subsequent UASB reactor. However, at HRT below 0.27 d, biomass was wash-out owing to the limitation of the CSTR. Another acidogenic reactor configuration such as anaerobic sequential batch reactor would be worth investigating. Serum bottle tests verified that high lipids concentration would result long lag-phase time for CH 4 production. However, the accumulated organics were eventually converted to CH 4 within 50 days, even at the highest lipids concentration (6.1 g COD/L). It meant that the lipids inhibition was not bacteriocidal but reversible. When lipids are accumulated in a UASB reactor, but severe sludge flotation does not occur, leaving the reactor without feeding would be a feasible strategy to deal with it.
